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> A life-cycle assessment of primary and secondary use of EV batteries is performed 
> Three scenarios of battery use in an EV are assessed, characterized by C-rate 
> Two residential energy storage strategies are analyzed: peak shaving and load shifting 
> Cycling the battery at 0.4C in the EV results in 42-50% less impacts per km than at 0.8C 
> Benefits of extending the life of the battery strongly depend on the electricity mix 
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Abstract
With age and cycling, batteries used in Electric Vehicles (EVs) will reach a
point in which they will no longer be able to meet the requirements needed for
electric mobility; however, they still can be used in other applications, such as sta-
tionary energy storage. The objective of this article is two-fold: firstly, it aims at
assessing the Life-Cycle (LC) environmental impacts associated with the use of a
battery in an EV (primary use); secondly, it aims at assessing the LC environmen-
tal impacts, or benefits, of using a battery, no longer suitable for electric mobility,
for energy storage in a household (secondary use). Three electricity mixes with
different shares of renewable, nuclear and fossil energy sources are considered.
For the primary battery use, three in-vehicle use scenarios are assessed, which
address three different driving profiles. For the secondary use, two scenarios of
energy storage strategies are analyzed: peak shaving and load shifting. Results
show that a light use of the battery in the EV has 42-50% less impacts per km than
an intensive use. After its use in the vehicle, the battery life can be extended by
1.8 to 3.3 years; however, extending the life of the battery is not always beneficial
from an environmental point of view, since the impacts are strongly dependent on
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the electricity generation mix and on the additional efficiency losses in the battery.
Keywords: Battery Electric Vehicles, Environmental Impacts, Life-Cycle
Assessment, Lithium-ion Batteries, Stationary Energy Storage.
1. Introduction
Improvements in battery technology are likely to make possible the widespread
use of Electric Vehicles (EVs) for personal mobility, since they are seen as one
of the solutions to reduce global Greenhouse Gas (GHG) emissions, improve air
quality, reduce crude oil dependence and increase energy security. The penetra-
tion rate of EVs is increasing and is expected that in the future a large share of
vehicles will be battery powered [1] [2] [3] [4]. Nowadays, both Battery Electric
Vehicles (BEVs) and Plug-in Hybrid Electric Vehicles (PHEVs) use lithium ion
batteries with a significant size/weight and capacity (from 10 kWh up to 85 kWh).
These are responsible for a significant contribution to the overall emissions and
energy consumption associated with the manufacturing and disposal phase of the
vehicle [5] [6].
Despite the fact that battery packs used in EVs are managed by a Battery
Management System (BMS), to ensure that they operate within safe parameters
and to maximize their life [7], these packs will reach a point when they will no
longer be suitable to be used in an EV. When the capacity loss is so high, that the
normal use of the vehicle is affected in terms of distance traveled per charge, the
battery pack should be replaced.
Giving a second life to a battery pack, no longer suitable for electric mobility,
may bring environmental and economic benefits by extending the service life of
the pack, since there is some capacity still available [8] [9]. The use of a battery for
energy storage in buildings tens to contribute to a more constant load diagram and
may mitigate the environmental impacts associated with energy consumption, by
storing energy from generation periods with lower impacts and using it in periods
where energy production would have higher impacts (for instance, charging the
battery at night, when the contribution from Renewable Energy Sources (RESs) is
usually higher and supplying it during the day, when the contribution from fossil
powered power plants is higher).
The objective of this article is two-fold: firstly, it aims at assessing the LC envi-
ronmental impacts of a lithium-ion battery used in an EV (primary use); secondly,
it aims at assessing the LC environmental impacts, or benefits, of using a lithium-
ion battery, no longer suitable for electric mobility, for energy storage in buildings
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(secondary use). For the primary use, three in-vehicle use scenarios are assessed,
which address three different driving profiles in terms of the stress imposed to the
battery. For the secondary use, two scenarios of energy storage strategies are as-
sessed: peak shaving and load shifting. Moreover, since environmental impacts in
both primary and secondary use are influenced by electricity generation, several
mixes within the European Union, with different shares of renewable, nuclear,
and fossil energy sources, are considered. By assessing different electricity mixes
and energy storage strategies, it is possible to identify the scenarios that are po-
tentially more beneficial in terms of environmental impacts. The reminder of the
paper is structured as follows: on Section 2 the life-cycle model for both primary
and secondary use of the battery is presented, as well as the battery use scenarios
for each application; on Section 3 the life cycle environmental impacts associated
with both use phases are assessed; and on Section 4 conclusions are drawn.
2. System Models and Usage Scenarios
The assessment of the environmental impacts of both primary and secondary
use of the EV lithium-ion battery is performed by applying the Life-Cycle Assessment
(LCA) methodology [10] [11]. LCA is widely used to assess the environmental
performance of products or systems, including batteries and electric vehicles [5]
[6] [12] [13] [14]. It covers all the stages of a product life cycle, from raw material
extraction to final disposal, including production of the product, distribution and
use, and usually assesses several environmental indicators. In this article, the en-
vironmental impacts are assessed for the following impact categories from CML
2001 baseline [15]: Abiotic Depletion; Acidification; Eutrophication; and Global
Warming.
2.1. Life-Cycle Model of Battery Primary Use - Electric Mobility
The system boundary of the battery LC model for the assessment of the envi-
ronmental impacts from its primary use (in an EV) is presented in Figure 1. The
model includes the production of all battery components and the battery end-of-
life, as well as electricity generation for vehicle operation. The functional unit is
200000 km, which is the predicted service life of the vehicle [16]. The number
of batteries required to perform that function (i.e. the reference flow as described
by the LCA methodology) depends on the conditions under which the battery is
used. In order to capture different levels of stress imposed to the battery, three
driving profiles are assessed, described in detail in Section 2.1.1.
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The battery pack characteristics considered in the assessment, in terms of ca-
pacity and battery chemistry, are those from the Nissan Leaf battery. The battery
pack uses Lithium Manganese Oxide (LMO) for the cathode material and graphite
for the anode material. The main characteristics of the battery pack has a design
capacity of 24 kWh with a cell specific energy of 114 Wh/kg and a total weight of
300 kg (more details in Table S-A.11 in the supplementary data). A life-cycle in-
ventory for the battery production is implemented, based on [17]. Recycling of the
battery at the end-of-life (EoL) is assumed to be performed through a hydromet-
allurgical process [18], and data for the life-cycle inventory is based on [19]. The
energy required for the battery dismantling is also taken into account, according to
[20]. The production of the vehicle is not considered, since environmental impacts
are the same for all scenarios addressed.
Impacts of the use phase (vehicle operation) are calculated taking into account
the electricity mix impacts for the period of the day during which the battery is
being charged. Two scenarios are considered for EV charging: at night (00:00-
07:00) and during the day (09:00-17:00). The LC modeling of electricity genera-
tion is presented in a separate Section (Section 2.3), since electricity generation is
common to both primary and secondary use of the battery.
2.1.1. Driving Profile Scenarios
Battery life and capacity are key aspects for the assessment of the environmen-
tal impacts associated with its use. Thus, it is fundamental to estimate the life of
the battery under real world operation. The battery State of Health (SoH) is greatly
influenced by the load and environmental conditions [21] [22], and, depending on
the lithium-ion cell chemistry, both high and low State of Charge (SoC) contribute
to the deterioration of the battery performance and lifetime. Overcharge, over-
discharge, high Depth of Discharge (DoD) and high temperatures also influence
the fast decay of the battery life and low temperatures can also have a negative
impact, mainly during the charging phase [23] [24] [25].
The aging of a battery occurs due to the electrochemical degradation processes
that takes place during the operation and also during rest periods, where energy is
not being drawn from the battery pack. The aging process leads to an increase of
the internal resistance and self discharge rate and to a reduction of capacity [26]
[27].
The calendar aging is mainly driven by the loss of active lithium ions due
to solvent reduction reaction and the rise of the anode film resistance [28]. The
capacity fade due to aging is irreversible and is proportional to the square root
of time [29]. The temperature also affects the calendar aging, following the Ar-
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rhenius Law, where the temperature contribution is exponential. Increasing the
temperature by 10◦C will approximately double the degradation rate. The SoC
also contributes to the aging process in a similar way to the aging process ac-
cording to [30] [31]. To reduce the calendar aging during a long storage period,
a cool environment with a SoC around 40% is recommended. The cycle aging
corresponds to a capacity fade due to the use of the battery and is affected by the
depth of discharge in a non-linear way. Partial discharge cycles will contribute to
a lower capacity loss when compared with full discharge cycles [29] [32].
The battery pack is managed by a BMS, which strict controls the temperature
and the SoC, and taking into account the LMO battery chemistry, it is expected
that the battery pack can perform 1000-1500 cycles at 80% of DoD and a calendar
life up to ten years.
The energy that can be extracted from a battery depends on the discharge cur-
rent, commonly referred in terms of C-Rate (which expresses the ratio between
the charge/discharge rate and the capacity of a battery). In order to define vehicle
battery use scenarios, data gathered both from real world driving scenarios [12]
and from the battery manufacturer [33] was used to determine the stress imposed
to the battery in terms of charge and discharge current (C-rate) and estimate the
available energy under a given driving profile. This parameter is important since
it is used to obtain the total energy mobilized by the battery pack during its use in
the EV.
To assess the energy consumption of the battery during its use in the vehi-
cle, a data acquisition system was installed in a Nissan Leaf. Real world driving
cycles were performed in two predefined routes, one urban and other suburban,
under different driving conditions (aggressive, normal and ECO) and with differ-
ent settings for the climate control (A/C OFF, A/C in cooling mode and A/C in
heating mode). Details on the elevation profiles of the two routes as well as on
the installed system and measurements performed can be found in [12]. The en-
ergy losses in the battery were characterized as well as the additional losses in
the charging station and electricity transmission and distribution system, which
are usually about 9-10% [34] [35] [36]. Table 1 summarizes the energy efficiency
along its conversion pathway.
Table 2 classifies the driving profiles assessed, considering the average dis-
charge current of the battery pack in terms of C-rate and energy consumption.
Three driving profile scenarios were defined: i) light use, corresponding to an av-
erage discharge C-rate of 0.4C (104 Wh/km); ii) moderate use, with an average
discharge C-rate of 0.6C (167 Wh/km); and iii) intensive user, characterized by
an average discharge C-rate of 0.8C (213 Wh/km). The contribution of the driv-
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ing profile to the capacity degradation is related to the number of cycles required
to travel a given distance. An intensive use requires a higher number of cycles
to travel the same distance than a lighter use, due to higher energy consumption
and losses and lower energy extracted from the battery. For an intensive use, the
main contributor to capacity degradation is cycle aging, while, for a light use, it
is the calendar aging. A more detailed description of how energy consumption is
affected by the driving profile can be found in [37].
Considering the C-Rates from Table 2 and the discharge curves from Figure
2, the capacity available to the user is: 18.96 kWh at 0.4C; 18.8 kWh at 0.6C and
18.64 kWh at 0.8C. It should be noted that despite the battery pack being able
to store 24 kWh, only 19 kWh are in fact available to be spent by the user. This
value was obtained experimentally by running the EV until the range reached zero
km and measuring the total amount of energy required to fully charge the battery,
taking into consideration the losses on the battery and inverter.
It was assumed that the EV battery pack reaches the end of its in-vehicle life
when the capacity drops to 70% (13.3 kWh) of the initial capacity [38]. Consid-
ering the manufacturer warranty (160000 km or 8 years, whichever comes first)
before a capacity drop bellow 70% under normal use, the considered capacity loss
due to cycling (Acyc) is 3 Wh per cycle, while the capacity loss due to calendar
aging (Acal) is 0.6 Wh per day. These values were chosen assuming that the tem-
perature of the battery pack is kept constant during the entire life cycle of the EV
and it is always discharged to 80% of DoD. Cycling and calendar aging is taken
into account to assess the loss of capacity over time, which is calculated using Eq.
1.
Ccurr =Cini− (Acal · t +Acyc ·N) (1)
Where Cini and Ccurr define the initial and current battery capacity (in Wh), re-
spectively; Acal (in Wh/day) and Acyc (in Wh/cycle) define the aging coefficients
for calendar and cycle aging, respectively; t is the time in days since the battery
as started to be used and N corresponds to the number of cycles that the battery
has being subjected to. The energy required to fully charge the battery at a given
point of the service life, by the power plant, is given by Equation 2:
Ereq =Ccurr · (1/ηcharge) · (1/ηt&d) (2)
Where ηcharge and ηt&d are the efficiencies associated with the battery charg-
ing and discharging process and electricity transmission and distribution, respec-
tively.
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A traveled distance of 15000 km per year (around 40 km per day), the available
capacity based on the driving profile and the battery aging were considered to
calculate the required number of cycles, per day, and respective energy.
Figure 3 shows the capacity loss over time for the different driving profiles.
The driving profiles are represented in terms of C-Rate and can be translated in
terms of energy consumption by referring to Table 2. As expected, a more in-
tensive use leads to a shorter service life for the EV battery pack due to a higher
cycling rate, which contributes more to capacity reduction than calendar aging. A
lighter use maximizes the service life of the battery pack due to a lower number
of cycles and a more efficient use of the energy.
Table 3 summarizes the total energy required by the battery pack during its
service life in the EV (i.e. until it reaches 70% of its initial capacity) and the total
travelled distance per battery pack for the three scenarios. As can be seen, a bat-
tery pack cycled at 0.4C allows the vehicle to travel more 70% than a battery pack
cycled at 0.8C, and requires 17% less energy. Since neither of the use profiles will
be able to reach the 200000 km considered for the EV life cycle, more than one
battery will be required. From the traveled distance per battery pack, it is possible
to calculate the amount of battery packs required during the vehicle service life,
which is the reference flow for each scenario.
2.2. Life-Cycle Model of Battery Secondary Use - Energy Storage in Buildings
By extending the battery life beyond its original use, its use is maximized
and the introduction of new batteries in the market can be delayed, which may
avoid environmental impacts and, from an economic perspective, could have the
potential to offset some of the high initial cost of the battery. After their first use,
the battery pack still has available storage capacity making it suitable for other
applications rather than electric mobility. In this article, two scenarios of battery
use for energy storage in buildings are analyzed: peak shaving and load shifting.
It is assumed that the battery pack used for energy storage still retains 70% (13.3
kWh) of its initial capacity in all scenarios and is used until the capacity drops to
50% (9.5 kWh) [38].
The system boundary for the assessment of the environmental impacts of the
secondary use (energy storage in a household) of the battery pack is presented in
Figure 4. The impacts associated with the battery production and end of life were
attributed to the primary use since the primary function of the battery pack is to
be used in the EV. Thus, it is assumed that the battery pack goes to the second
use free from environmental burdens (i.e. it is considered a residue). The model
includes the generation of electricity required to fulfill the electricity needs of a
7
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household for both scenarios, including the additional losses in the battery. The
benefits (or impacts) of giving a second life to the battery are assessed against a
Business-as-Usual (BaU) scenario, i.e. in which the household electricity require-
ments are satisfied directly from the grid.
The energy consumption in a household varies significantly during the day and
with the season. To take these variations into account, average load diagrams for
a 24h period for the four seasons are used in the calculations and are presented in
Figure 5. The load diagrams are based on [32] and characterize the typical power
consumption in a European 3 to 4 bedroom household. The electricity generation
modeling is performed as explained in Section 2.3.
2.2.1. Energy Storage Scenarios
Two scenarios of secondary use of the battery for energy storage in buildings
are analyzed: peak shaving and load shifting. For both scenarios, the battery is
charged at night, when the contribution of RESs is usually higher, and the elec-
tricity stored is supplied during the day. The discharge phase for the peak shaving
scenario occurs only during residential peak periods in opposition to the load shift-
ing scenario in which the discharge phase is distributed along the day. From the
grid point of view, both scenarios contribute to a more constant load diagram over
time and to a reduction of the power demand in peak hours. By having a more
constant and predictable load diagram, it is possible to manage the power plants
to work near their nominal capacity, which is beneficial both from an economical
and from an environmental point of view [39] [40] [41].
Based on the load diagrams, the requirements in terms of storage capacity for
a peak shaving application correspond to the energy above the average daily con-
sumption. This amount of energy is supplied by the battery, which is charged
during the night when the household energy consumption is lower. The energy
storage requirements in each season are summarized in Table 4. The calculation
of the storage requirements took into account the energy loss during the charge
and discharge processes both on the battery and the inverter. For the load shifting
application, since the daily energy consumption is always higher than the battery
pack available capacity, the battery is cycled once a day. Since the energy con-
sumption varies with season, the seasonal variation in the energy consumption is
also taken into account.
Figure 6 presents the capacity loss over time for both scenarios. After the first
use, the battery pack has 13.3 kWh available capacity. However, due to efficiency
losses during the discharge process and in the inverter, only about 12 kWh are
available to be used. It is assumed that the battery is no longer suitable when
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capacity drops to 50% (9.5 kWh) of its initial capacity, due to significant voltage
losses due to the aging process. Considering the household energy requirements,
a battery pack will have a second life of 1.8 years if used for load shifting and 3.3
years if used for peak shaving.
On Table 5 the mobilized energy, from night to the day, during the second
life of the battery pack for the different usage scenarios is presented. In the peak
shaving scenario, the battery pack is used longer than in the load shifting sce-
nario, since it is cycled less frequently. In the load shifting scenario, the energy
consumption per day is higher than the available storage capacity and the battery
is subject to a full charge/discharge cycle per day.
2.3. Life-cycle model of electricity generation and scenarios
The environmental impacts associated with battery use are directly related to
electricity generation. The electricity generation mix varies from region to region
and in a daily and seasonal basis, due to variations in RESs [42]. Due to this, three
European electricity mixes were considered (Polish, Portuguese and French, in
2011), taking into account their daily and seasonal variation. The electricity mixes
were chosen based on the high share of fossil (Poland), high share of renewable
(Portugal) and high share of nuclear (France) energy sources. The electricity mix
for the three scenarios is presented in Figure A.7 of the supplementary data.
The impacts associated with electricity generation are calculated taking into
account the emissions from Table 6, which represent the life-cycle impacts of av-
erage European technologies, and the daily variation during a year for the different
energy sources that contribute to the mix (Figure A.7 in supplementary data).
The impacts in each category vary considerably over the year and also during
the day for the mixes with a significant share of RESs or Nuclear (Figures A.8,
A.9, A.10 and A.11, in the supplementary data). Due to the intermittent charac-
teristic of wind and solar photovoltaic sources and their significant share in the
generation mix, hydro and fossil power plants must be kept in standby to compen-
sate the variations in the production from these sources, which may lead to higher
emissions [43]. For a mix based mainly on fossil fuel power plants, the associated
emissions are fairly constant over the year and over the day.
3. Results and Discussion
3.1. Life-Cycle Environmental Impacts of Primary Use
In this section, the environmental impact associated with the battery pack is as-
sessed taking into account its use in electric mobility applications. For the primary
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use, it was assumed that the EV reaches its end of life after 200000 km. Table 7
summarizes the environmental impacts of the production and end-of-life phase of
the battery pack. The battery manufacturing and disposal phases are common to
all the considered scenarios, since they are independent from the use phase. The
anode is the component with the highest contribution in Eutrophication (59%) and
Acidification (45%), while the cathode contributes the most to Global Warming
(37%) and Abiotic Depletion (28%). The pack has the second largest contribution
to the impacts in all categories (23% to 29%).
Table 8 presents the LC environmental impacts per km associated with the
operation of the vehicle during its service life, for each impact category, under
different mixes and charging scenarios. A light use (0.4C) has 42-50% less im-
pacts per km than an intensive use (0.8C), depending on the impact category and
generation mix. For these results contribute the fact that a light use reduces by
around 40% the battery capacity fade, which from a LCA perspective, translates
in a reduction in the same proportion of the production and disposal impacts (i.e
less batteries are required). Additionally, in terms of energy, a light use requires
less 17% of energy when compared with an intensive use, to perform the same
distance. The French mix scenario has the lowest environmental impacts in all
categories (e.g. for Global Warming, a reduction of 64 to 67% compared to the
Portuguese mix and 88 to 89% compared to the Polish mix). The charging period
has higher influence in the results for the French mix (9 to 10% difference be-
tween day and night charging for Global Warming and Abiotic Depletion and 6%
for Acidification). For the Portuguese and Polish mix, the difference is less than
5%. As expected a lighter use (0.4C) will have a lower impact over all the impact
categories when compared with a more intensive use (0.8C), despite under light
use the total traveled distance being the highest.
3.2. Life-Cycle Environmental Impacts of Secondary Use
In this section, the environmental impacts of using a battery pack from an
EV for energy storage in a household, are assessed, considering a peak shaving
and load shifting application. By observing the load diagrams from Figure 5, it
is noticeable that the household energy consumption is concentrated at the end
of the afternoon and beginning of the night, with some occurrences during the
morning period, being this the period in which the battery will supply energy.
The environmental impacts of electricity generation depend on the time of the
day and the season, which varies from country to country. From the three mixes
previously analyzed, only the mixes from Portugal and France are considered,
since a mix with constant share of energy sources during the day, as in Poland,
10
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has always higher overall impacts from battery use compared to the BaU scenario,
due to the efficiency losses during battery charge and discharge processes. The
additional impacts from battery use, in the Polish case, are proportional to the
charge/discharge efficiency losses (22%).
Table 9 presents the LC environmental impacts for the two scenarios of sec-
ondary use of the battery compared to the respective BaU scenario (without bat-
tery). The impacts are calculated taking into account the time of charging and the
additional losses in the battery and inverter. As can be seen, the battery use to shift
energy consumption from peak to off-peak periods may be beneficial, depending
on the electricity generation mix, even accounting for the efficiency losses from
battery use. For a mix in which environmental impacts from electricity genera-
tion at night are lower than during the day and this difference is higher than the
additional efficiency losses (22%), such as the French mix, using the battery is
beneficial. The reduction of environmental impacts from battery use in the French
scenario varies between 2% for peak shaving and 4 to 5% for load shifting. On the
other hand, for the Portuguese mix, using the battery for household energy storage
is not beneficial, as the overall environmental impacts from electricity generation
at night are not low enough to compensate the additional energy consumption due
to battery efficiency loss. For this scenario, using the battery increases the impacts
by 1 to 2% for load shifting and 3% for peak shaving.
Moreover, the results presented are aggregated impacts (or benefits) for the
entire battery service life in the household. Disaggregated results, presented in
Figure A.12, A.13, A.14 and A.15 in supplementary data, show that the impacts
(or benefits) vary along the year. Therefore, to accomplish an overall reduction
of environmental impacts, a more complex strategy should be implemented, in
which a prediction of the generation share for the different energy sources should
be taken into account. Based on this prediction, the optimal period to charge and
discharge the battery could be determined, or the the battery use could be avoided
in the case of impacts. From an environmental point of view, for the energy shift
become beneficial the emissions at night must be lower than the emissions during
the day by a factor identical to the efficiency loss in the battery charge/discharge
process (if the efficiency loss is 22%, then the emissions at night must be 22%, or
more, lower than during the day).
3.2.1. Economic Analysis
From an economic point of view, the shifting energy from peak hours to non-
peak hours allows savings, even with the loss of efficiency in the charge/discharge
process of the battery. If the battery use is maximized, by charging the battery dur-
11
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ing off peak periods (usually at night), when energy is cheaper, and discharge the
full capacity during peak periods (during the day), the savings would be greater.
Considering the Portuguese tariff, where the cost of one kWh during the peak
periods is 0.14 AC and during off peak periods is 0.07 AC, shifting 1 kWh to off peak
periods will cost 0.084 AC which corresponds to a 40% saving (this energy shift
will require and additional 0.22 kWh per kWh due to efficiency loss).
It should be taken into account that an additional cost is required for the setup
of the storage system as well the acquisition of an bidirectional inverter. Consider-
ing this additional cost of about 3000AC, this energy storage solution is only viable
by providing ancillary services to the grid. These services are only required from
the grid a few hours per year but must be available to system operators 24 hours
per day 7 days per week, and thus can take the advantage from the energy storage
system. The two specific ancillary services for which a market exist, and partic-
ularly suitable for a battery energy storage, are regulation and spinning reserves.
Depending on the power and capacity available, these services could provide an
additional revenue shown in Table 10. The price paid for these services varies sig-
nificantly during the day and by season, leading to a large uncertainty regarding
the revenue that an user can obtain by providing these services for the grid. Since
the grid require a given capacity available 24/7, this revenue will also depend on
the capacity that the user will assign to these services.
Since the revenue is associated with the capacity assigned to the grid, a house-
hold with a peak shaving application has the possibility to obtain a higher revenue,
since is the one with the lowest requirements for energy storage, opposed to a load
shifting application that requires the full battery capacity.
Although in terms of environmental impacts this solution is not always bene-
ficial, from an economic point of view both the consumer and the grid may have
advantages. By using a battery the consumer can reduce its electrical bill and can
provide an ancillary service for the grid, which is paid based on the battery power
and capacity available after the storage requirements being met. The grid will
benefit from this approach by having at its disposal an energy storage device with
a very fast response time that could be used for voltage and frequency regulation.
Additional benefits include a more constant consumption profile during the day
and a storage solution useful for RESs integration.
4. Conclusions
By extending the life of a battery pack previously used in an electric mobil-
ity application, through a second life application in residential energy storage,
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reductions of environmental impacts can be achieved, due to load shifting from
consumption peaks.
The environmental impacts associated with the battery use for energy storage
in a household are directly related to the electricity generation mix. Even for a mix
with a large share of RESs, its use could lead to higher emissions, when compared
with a situation where no battery is used for energy storage. Due to efficiency loss
in the charging and discharging process, the difference between night and day time
impacts of electricity generation may not be sufficient to reduce environmental
impacts, even in a mix with high share of RESs such as the Portuguese mix. For
a small difference, this solution can even be worse than the BaU approach. In
this case, a more intelligent approach should be implemented where a prediction
between night and day time impacts is taken into account and the energy storage
is only used when environmental impacts have the potential to be reduced.
Residential energy storage can also be beneficial to the grid since the battery
packs, if deployed in a significant number, can be used to provide ancillary ser-
vices which can reduce the amount of conventional power plants that provide this
service and contribute to a reduction of the overall electricity generation impacts.
From the economic stand point of view, this solution brings benefits to the con-
sumer by shifting energy from a cheaper period to a more expensive one and by
having the ability to provide regulation services to the grid. However, the cor-
responding viability will depend on the resale value of the batteries and on the
implemented storage strategy.
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6. Glossary
BEV Battery Electric Vehicle
BMS Battery Management System
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BaU Business-as-Usual
DoD Depth of Discharge
EU European Union
EV Electric Vehicle
GW Global Warming
GHG Greenhouse Gas
LC Life-Cycle
LCA Life-Cycle Assessment
LMO Lithium Manganese Oxide
PHEV Plug-in Hybrid Electric Vehicle
RES Renewable Energy Source
SoC State of Charge
SoH State of Health
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Figure 1: System boundary of the battery life-cycle model for primary use (elec-
tric mobility).
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Figure 2: Capacity variation for several discharge profiles, for a Nissan Leaf bat-
tery pack cell, under different loads. For a fresh cell, under a discharge current of
0.3C the cell can store 32.5 Ah [33].
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Figure 3: Capacity loss over time for an initial available capacity of 19 kWh (24
kWh in total) for different discharge rates.
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Figure 4: System boundary of the battery life-cycle model for secondary use (en-
ergy storage in buildings).
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Figure 5: Seasonal variation in the load diagram for the household during the
second life of batteries [44].
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Figure 6: Storage capacity available over time for the second life of a electric
mobility battery pack used in a peak shaving and load shifting application. For
the second life, the battery pack has an initial capacity of 13 kWh, from which
on only around 12 kWh are available, taking into account the discharge efficiency.
The battery is no longer suitable when the capacity drops to 9.5 kWh (50% of the
initial available capacity).
Table 1: Efficiency along the electricity path, using a standard 240 VAC charger
(L2), with lithium-Ion batteries as energy storage. It should be noted that for the
overall system efficiency the battery efficiency was accounted twice due to the
charge and discharge cycles.
Efficiency (%)
Transmission 98
Distribution 92
L2 Charger 96
Battery (L2 Charge/Discharge) 90/95
Inverter 95
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Table 2: Energy consumption and estimated range for the Nissan Leaf based on
the driving style and climate control settings based on data acquired from several
runs in a urban and suburban environment.
AC OFF AC ON Cool. AC ON Heat.
Driving Style Wh/km C−Rate Wh/km C−Rate Wh/km C−Rate
Aggressive 155.4 0.58 177.7 0.65 213.4 0.80
Normal 131.0 0.50 151.0 0.57 182.8 0.67
ECO 104.7 0.40 129.0 0.49 167.1 0.60
Table 3: Total mobilized energy and traveled distance during in vehicle battery
use under different discharge profiles.
0.4C 0.6C 0.8C
Total Mobilized Energy (kWh/battery) 14736 17271 17768
Total Distance (km/battery) 165000 113750 97500
Number of Cycles per battery (Ccurr = 70%.Cini) 1070 1258 1302
Number of Batteries for 200000 km 1.21 1.76 2.05
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Table 4: Daily energy consumption, peak power and energy storage requirements
for the peak shaving application for the considered household per day, taking into
account the seasonal variation of the load diagram. The peak energy corresponds
to the amount of energy above the average daily consumption. The storage re-
quirements is the required storage capacity to supply the peak energy taking into
account the battery charge and discharge efficiency (Table 1)
Daily Consumption
(kWh)
Peak Power
(kW )
Storage Requirements
(Peak Shaving) (kWh)
Winter 36.58 5.98 5.98
Spring 29.22 3.63 3.63
Summer 33.57 3.43 3.43
Autumn 30.97 4.10 4.10
Table 5: Mobilized energy, residual capacity and number of cycles for the second
life of the battery pack, under different scenarios, at the plug and the required
generation at the power plant.
Load Shifting Peak Shaving
Mobilized Energy (kWh) 8559 8224
Residual Capacity (kWh) 9.5 9.5
Number of Cycles 660 572
Years 1.8 3.3
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Table 6: Life cycle environmental impacts by technology (average European tech-
nologies) [45].
Technology Abiotic Depletion
(g Sb eq/kWh)
Acidification
(g SO2 eq/kWh)
Eutrophication
(g PO3−4 eq/kWh)
Global Warming
(g CO2 eq/kWh)
Coal 7.8 2.8 2.3 1020
Wind 0.08 0.05 0.027 11.3
Hydroelectric 0.03 0.16 0.05 6.5
Solar PV 0.36 0.246 0.157 50.9
Nuclear 0.04 0.047 0.015 6.05
Natural Gas 3.7 0.413 0.07 434
Diesel, Oil 5.9 19 0.57 911
Table 7: Life-cycle environmental impacts associated with the production and
end-of-life of a LMO battery pack with 300 kg and a capacity of 24 kWh.
Abiotic Depletion
(kg Sb eq/batt.)
Acidification
(kg SO2 eq/batt.)
Eutrophication
(kg PO3−4 eq/batt.)
Global Warming
(kg CO2 eq/batt.)
Cells
Anode 3.2 8.1 9.1 221.4
Separator 0.6 0.4 0.1 74.2
Cathode 4.0 2.6 1.2 633.5
Electrolyte 1.4 2.2 0.4 166.0
Other 1.2 0.8 0.2 136.5
Pack 3.7 4.1 4.4 470.4
Production (Total) 14.1 18.2 15.4 1702
End of Life 2.4 5.7 1.0 389.1
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Table 8: Life-cycle environmental impacts, per km, for different driving profiles
(0.4, 0.6 and 0.8C), electricity mixes (France, Portugal, and Poland) and charging
period (night and day charging). Includes impacts from battery production and
end-of-life as well as vehicle operation impacts.
Abiotic Depletion
(kg Sb eq/km)
Acidification
(kg SO2 eq/km)
Eutrophication
(kg PO3−4 eq/km)
Global Warming
(kg CO2 eq/km)
France
0.4C
Night Ch. 1,65 0,18 0,11 18,84
Day Ch. 0,16 0,19 0,12 20,65
0.6C
Night Ch. 0,23 0,27 0,17 28,96
Day Ch. 0,25 0,29 0,17 31,98
0.8C
Night Ch. 0,27 0,32 0,19 34,18
Day Ch. 0,30 0,34 0,20 37,82
Portugal
0.4C
Night Ch. 0,41 0,22 0,17 51,81
Day Ch. 0,43 0,23 0,17 54,25
0.6C
Night Ch. 0,68 0,34 0,26 84,67
Day Ch. 0,71 0,35 0,27 88,91
0.8C
Night Ch. 0,80 0,40 0,31 100,52
Day Ch. 0,84 0,41 0,32 105,61
Poland
0.4C
Night Ch. 1,24 0,96 0,22 153,15
Day Ch. 1,26 0,97 0,23 155,10
0.6C
Night Ch. 2,09 1,60 0,35 257,93
Day Ch. 2,12 1,62 0,36 261,24
0.8C
Night Ch. 2,50 1,91 0,42 308,45
Day Ch. 2,54 1,94 0,43 312,42
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Table 9: Life-cycle environmental impacts during the secondary use of the battery
for the peak shaving (PS) and load shifting scenarios (LS).
Abiotic Depletion
(kg Sb eq)
Acidification
(kg SO2 eq)
Eutrophication
(kg PO3−4 eq)
Global Warming
(kg CO2 eq)
Portugal France Portugal France Portugal France Portugal France
PS
w/out Battery 96.93 18.70 22.55 13.48 20.74 4.82 12.00 2.40
w/ Battery 100.00 18.39 23.56 13.26 21.45 4.74 12.40 2.36
∆% 3 -2 4 -2 3 -2 3 -2
LS
w/out Battery 53.47 9.07 13.28 6.60 11.85 2.32 6.67 1.17
w/ Battery 54.57 8.65 13.59 6.29 11.99 2.22 6.81 1.11
∆% 2 -5 2 -5 1 -4 2 -5
Table 10: Prices, by season, for regulation and spinning reserve ancillary services
in the Iberian electricity market during 2011 [46].
Regulation (AC/MWh) Spinning Reserve (AC/MWh)
Average Standard Deviation Average(up/down)
Standard Deviation
(up/down)
Winter 29.92 16.80 58.27/17.00 16.52/17.00
Spring 22.70 5.73 57.15/21.67 10.12/17.78
Summer 28.01 5.88 68.95/27.34 17.63/16.32
Autumn 32.09 8.57 76.31/29.84 23.18/23.30
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Appendix A. Supplementary Data
Appendix A.1. Battery Characteristics
Table A.11: Nissan Leaf battery pack characteristics [33] [17].
Parameter Value
Nominal Voltage (V ) 360
Total Energy (kWh) 24
Available Energy (kWh) 19
Weight (with casing) (kg) 300
Cell Specific Energy (Wh/kg) 114
Number of Cells 198 (arranged in 48 modules)
Module Architecture 2 cells in series and 2 cells in parallel
Pack Architecture 48 modules in series
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Appendix A.2. Electricity generation and associated environmental impacts
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Figure A.7: Evolution of the contribution from the primary energy sources for the
Polish (a), Portuguese (b) and French (c) electricity mix during 2011.
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(a) 2011 Polish Electricity Mix
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(b) 2011 Portuguese Electricity Mix
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(c) 2011 French Electricity Mix
Figure A.8: Environmental impacts for the Abiotic Depletion impact category for
the electricity mixes considered, taking into account the daily variation.
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(b) Portuguese Electricity Mix
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(c) French Electricity Mix
Figure A.9: Environmental impacts for the Acidification impact category for the
electricity mixes considered, taking into account the daily variation.
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(b) Portuguese Electricity Mix
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Figure A.10: Environmental impacts for the Eutrophication impact category for
the electricity mixes considered, taking into account the daily variation.
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(c) French Electricity Mix
Figure A.11: Environmental impacts for the Global Warming impact category for
the electricity mixes considered, taking into account the daily variation.
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Appendix A.3. Daily environmental impacts, per month, for the secondary use of
the battery
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(a) Daily impacts for a load shifting application.
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(b) Daily impacts for a peak shaving application.
Figure A.12: Daily environmental impacts, per month, during the second life of
a electro-mobility battery pack, for the Abiotic Depletion impact category. The
mixes considered were the Portuguese and French 2011 electricity mixes in a load
shifting (a) and peak shaving (b) application.
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(a) Daily impacts for a load shifting application.
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(b) Daily impacts for a peak shaving application.
Figure A.13: Daily environmental impacts, per month, during the second life of
a electro-mobility battery pack, for the Acidification impact category. The mixes
considered were the Portuguese and French 2011 electricity mixes in a load shift-
ing (a) and peak shaving (b) application.
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(a) Daily impacts for a load shifting application.
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(b) Daily impacts for a peak shaving application.
Figure A.14: Daily environmental impacts, per month, during the second life of a
electro-mobility battery pack, for the Eutrophication impact category. The mixes
considered were the Portuguese and French 2011 electricity mixes in a load shift-
ing (a) and peak shaving (b) application.
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(a) Daily impacts for a load shifting application.
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(b) Daily impacts for a peak shaving application.
Figure A.15: Daily environmental impacts, per month, during the second life of
a electro-mobility battery pack, for the Global Warming impact category. The
mixes considered were the Portuguese and French 2011 electricity mixes in a load
shifting (a) and peak shaving (b) application.
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